Abstract. Natural fibres with variable properties are found in many engineering applications because of its low cost and biodegradability .The selection of suitable fibres involves the evaluation of a number of alternatives based on certain criteria. The purpose of this study is to suggest the use of analytical hierarchy process (AHP) in the selection of natural fibres for hybrid laminated composites. It was found that the most suitable natural fibre to be used with Kevlar 29 in hybrid laminated composites is kenaf fibre. It is expected that this finding will significantly contribute to the development of hybrid laminated composites for vehicle ballistic protection.
Introduction
Composites have been used in body armour, vehicle and structural components against ballistic and blast threats. Properties of composite materials such as superior stiffness and strength-to-weight ratio are fully applied in military applications which require mass efficiency, survivability and protection for example in armoured fighting vehicles (AFVs). It consists of hard armour and spall liners which work as protective layers next to armour panel made of steel or ceramics. It works by preventing the intrusion of fragments or splinters from hard armouredpanels and decreasing the risk and effect of the threat to the crew of armoured vehicles [1] . Spall liners are constructed of plies of ballistic protective material; for example Kevlar in the form of panels tailored to match to the interior side of protected vehicles. It usually consists of very thick panels of 50 or more plies of Kevlar [2] . In recent years, due to increased environmental consciousness more researchers are working on natural fibres to replace existing synthetic materials [3, 4] . A combination of synthetic fibre with natural fibres in epoxy resin to form a hybrid laminated composites is an interesting alternative material [5] [6] [7] [8] . Hybrid composites, which combine properties of different types of fibres, are extensively used in many engineering applications [9] . The behaviour of hybrid composites is a weighed sum of the individual components in which there is more favourable balance between the inherent advantages and disadvantages. Analytical Hierarchy Process (AHP), a multiple-criteria decision analysis technique is one of the systematic and quantitative selection methods performed by researchers to achieve the desired results [10, 11] . In this work, an attempt has been made to select the best natural fibrefor hybridisation with Kevlar29 in hybrid laminated composites by using analytic hierarchy process (AHP).
Properties of Materials for Spall Liners.
A spall liner is a type of laminated composites material used for lining the interior of vehicles or structures to decrease the risk and effect of spall generated by attacks on the exterior surface [1] . Similar to other composites for ballistic protection applications, spall liner panels require tough, high-strength and high-modulus materials [12] . The properties of fibres for high performance applications are high density, elastic modulus, tensile strength and strain to failure. The efficiency of a material in defeating a high speed projectile clearly relates to its energy absorbing properties at very high strain rates (10 3 -10 5 ms -1 ) and the amount of material which is involved in the energy absorbing process [13] . The latter is governed by the sonic velocity of the shock wave emanating from the point of impact, which is directly related to the material modulus E and indirectly to its density ρ [13] [14] [15] . According to Smith [16] , the speed at which the longitudinal stress wave propagates through a yarn is as follows:
The longitudinal wave velocity in a warp or weft yarn in a plane-woven fabric is c/√2, since the linear density of the yarn along the wave propagation is effectively doubled in a plain-woven fabric. The higher the modulus of elasticity and the lower the density, the faster the stress wave will propagate through the yarns and the corresponding fabric through the yarn crossover points. Based on this, to achieve a good performance, ballistic materials should have high modulus and low density [17] . The tensile modulus and strength of the yarns are the main parameters affecting the ballistic performance of fabric armours [18] . Reciprocals If activity p has one of the above numbers assigned to it when compared with activity q, then q has the reciprocal value when compared to p.
Method
The four steps in AHP method are as follows:
1) The hierarchical structure of natural fibres for hybrid laminated composites is depicted in Figure 1 . Based on the properties of materials for ballistic impact application as in the previous section, six criteria were determined as the selection parameters, as shown in the upper level of the hierarchical structure. The lower level lists the natural fibres considered for this study.
2) Information on the criteria and alternatives are collected for encoding using the AHP relational scale or properties ratio. A pair-wise comparison matrix is then constructed based on the information. The relative intensity scale used in this study is based on the work by Saaty [19] , as shown in Table 1 . Pair-wise comparisons between the alternatives with respect to the criteria were conducted based on available technical data.
3) The pair-wise comparison data from Step 2 is used to determine the relative priority or weight of each attribute. The eigen vectors or the priority vector w can be calculated as follows: 4)
where a ij is the importance scale (i.e. 1,3,5,…) and n is the number of criteria. 5) Perform synthesis of priority of the criteria and alternatives with respect to the goal.
Results and Discussion
The properties of natural fibres and Kevlar 29 are as listed in Table 2 . Table 3 gives the matrix related to the means of the matrices obtained from pair-wise comparisons of the six criteria. Pairwise comparisons for density, tensile strength, Young's modulus and elongation at break are based on the data in Table 2 . In this study, the prioritisation was calculated based on the row geometric mean method of the pair-wise comparison matrix in Table 3 . The priority vector values indicate that Young's modulus, tensile strength and elongation are the dominant criteria in the selection of natural fibres for this study. The consistency ratio CR is calculated to ensure a consistency in pairwise comparison. The comparison matrix has to be re-evaluated if CR is higher than 0.10. Based on Table 3 , CR is calculated as follows:
Sum of priority rowλ max = Sum [(sum row value)*(priority vector)] = 6.284
Consistency Index CI = (λ λ λ λ max -n) / (n-1) = (6.284 -6) / (5) = 0.0568
Where RI is a random index with value of 1.25. CR is computed to be 0.04, indicating that the judgements were consistent. Similar to the pair-wise comparisons for the selection criteria, pair-wise comparisons of the alternative natural fibres were evaluated to determine the priority with respect to each selection criterion. Separate tables are generated for the pair-wise comparison matrix and priority vector of the alternatives with respect each criterion. As example, the table for Young's modulus is as in Table 4 . Based on the pair-wise comparisons, the priority of the alternatives natural fibres based on Young's modulus values was determined. Its shows that pineapple fibres is the highest (0.18).
Based on pair-wise comparison in term of six criterions, the final priority vector of the alternative natural fibres with respect to the objective of this study is shows in Table 5 . 
Summary
In this paper, the selection of the most suitable natural fibre for hybridisation with Kevlar 29 was conducted using AHP.Kenaf scored the highest priority value of 0.203, followed by oil palm EFB (0.194). The lowest value of last choice is the bagasse with a priority value of 0.026 (2.6%). Hence, kenaf is the preferred choice for hybridisation with Kevlar 29 as it has the highest priority value among thirteen alternatives.
